
AD-A119 175 STEVENS INST OF TECH HOBOKEN NJ OPTICAL CONMWMICATIO. ETC F/0 17/2
THE IMPACT OF DATA RATES ON THE DESIGN OF A FIBER OPTICS GUIDAN--ETC(I)

LA F JUL 82 B J HERS OITZ DAAGZQ-I -0100
U -CLASSIFIED SI*AD-E950 2 T NL

*iu///////umu
//l/I/I/I/ImN/
///////I-/////
m//n/I//I/



11115
-A 6



UNCLASSI FIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) __________________

READ INSTRUCTIONSREPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
1. REORT NMBER2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMMER

4. TITLE (and Subtitle) 16. TYPE OF REPORT G 0ERI00 COVERED

THE IMPACT OF DATA RATES ON THE DESIGN OF FINAL REPORT
A FIBER OPTICS GUIDANCE SYSTEM. February - June 1982

S. PERFORMING ORG. REPORT NU11SER11

7. AUTNOR(a) S. CONYRACT OR -GRANT NUMGER(e)

DAAG29-81 -D-Ol 00
Dr. Gerald J. Herskowitz D.O. 0169 (TCN 82-022)

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK
Stevens Institute of Technology 62.0.A-iN~ewmelrnt
Optical Communications Laboratory 11-162303A2114 - DS Proj No.

ItHoboken, NJ 07030 612303.2140111.04. - AMCMS
It. CONTR4OLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

U. S. Army Research Office July 1982
P.O. Box 12211 13. NuNSER01 Of PAGES

Research Triangle Park, NJ 27709 vi + 53 Pp.
14. MONITORING AGENCY NAME A AOORIESS(II differe tain Conrolling Office) IS. SECURITY CLASS. (of this -a"mV

t U.S. Army Missile Command UNCLASS IFIED
ATTN: DRSMI-RES
Redstone Arsenal, AL 35898 IS&. OECLASSIFICATION/0011116GR1AING

IS. OISTRIUIUTION STATEMENT (of this Rippe1)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

17. OISTRIUoUTION STATEMENT (e1tch* abstract eten.d in 8l..h20. i diifereflt frinaRepeat)

Same as 16.

It. SUPPLEMENTARY NOTES

Is. KEY WORDS (Cantiuue ei reverse aide It n~eesary-OWdmeUi. by Nook dMslo)

Fiber Optics, Missile Guidance System, Data Rates

20. AISSYRACT (Ceuhlnus, on reverse side It n..eeein7 old IdmudIP IV Meek miNi.)

(SEE REVERSE SIDE.]

DD I FO07 1473 Stlon OF I Nov Iis OSS9OtETE NLS IFI
SECURITY CLASSIICATION OF THIS PAGE (Mn 67Msesoo.



INCLASSIFIED
I**Y C*41. AS!01 14 A 11 k I Of IV#1 I%-P M, L I"h~n Jlsi J-nl*eI)_

20. ABSTRACT

The data rate requirement of the optical fiber communication

link for a missile guidance system has been evaluated. This data

rate requirement is determined by the imaging seeker, sensors,

and missile control system. The data rate limitations of the

currently employed muitimode optical fiber are determined for a

specific signal-to-noise ratio using pulse frequency modulation.

Available optical sources and detectors are evaluated, considering

the effects of operating wavelength on fiber loss and dispersion

characteristics. The effects of the fiber payout system on the

fiber loss and dispersion characteristics are determined for both

multimode and single-mode fiber. The use of optical multiplexing

techniques to enhance fiber data rate is investigated. Recommenda-

tions are made for the most reliable, cost-effective approach for

fiber optic missile guidance systems.

43

0?,

(9 b

UNCLASSIFIED

$GacMTy CLASIIPS@A1I@W OF THS PAOEE6Mb DOS heA.

... .... I v_



L

TABLE OF CONTENTS

1.0 BACKGROUND ........... .......................... I

1.1 FIBER OPTIC GUIDED MISSILE COMMUNICATION
SYSTEM DESCRIPTION ....... ......................... 3

2.0 IMAGE QUALITY DEPENDENCE ON FIBER OPTIC LINK DATA RATE,
NOISE, AND OPTICAL SIGNAL MODULATION .... ............... 5

2.1 DISTORTION OF VIDEO SIGNAL BY NOISE AND DATA-RATE
LIMITATIONS ............ ........................ 7

2.2 TRANSMISSION OF TELEVISION SIGNALS IN BANDWIDTH-LIMITED
CHANNEL WITH RANDOM NOISE ......... .................. 9

2.3 DATA RATE REQUIRED TO TRANSMIT A TELEVISION IMAGE OVER A
FIBER OPTIC LINK USING PULSE FREQUENCY MODULATION. . . . . 12

3.0 DATA RATE AND LENGTH LIMITATIONS IMPOSED ON FIBER OPTIC
LINK BY OPTICAL FIBER DISPERSION AND ATTENUATION
CHARACTERISTICS. ........ ...................... .18

3.1 FIBER DISPERSION IN MULTIMODE AND SINGLE-MODE
OPTICAL FIBERS. ........ ...................... .18

3.2 FIBER LOSSES IN MULTIMODE AND SINGLE-MODE OPTICAL FIBERS . 22

3.3 OPTICAL RECEIVER CHARACTERISTICS AT 0.85pm AND 1.3m.. 2.....27

3.4 DATA RATE-LENGTH PRODUCTS FOR MULTIMODE AND SINGLE-MODE
FIBER OPTIC LINKS ........ ...................... ... 27

3.5 OPTICAL SOURCE POWER REQUIREMENTS AT 0.85pm AND 1.31m
FOR IFOCL AND FOG-M SYSTEMS. ..... ................ .. 31

3.6 TEMPERATURE, COUPLING, AND FREQUENCY RESPONSE
CHARACTERISTICS OF OPTICAL SOURCES ..... ............. ... 34

4.0 SPOOLING LOSS IN THE FIBER OPTIC LINK. .... ........... ... 39

4.1 MICROBENDING LOSSES IN MULTIMODE AND SINGLE-MODE
OPTICAL FIBERS. ........ ...................... . 39

4.2 BANDWIDTH INCREASE IN MULTI MODE OPTICAL FIBERS RESULTING
FROM MODE COUPLING DUE TO MICROBENDING EFFECTS ......... ... 40

5.0 OPTICAL MULTIPLEXING FOR INCREASED FIBER OPTIC LINK
INFORMATION CAPACITY ....... .................... . 45

t-



6.o CONCLUSIONS AND RECOMMENDATIONS. .. .............. 47

7.0 ACKNOWLEDGMENTS .. .... ................... 49

8.C REFERENCES. .. ... .................. .... 50

VI1



THE IMPACT OF DATA RATES
C ON THE DESIGN

OF A FIBER OPTICS GUIDANCE SYSTEM

1.0 BACKGROUND

A comprehensive concise summary of the developments leading to the
successful FOG-D flight demonstration in September 1981 has been prepared
by Mr. R. B. Powell. 1 It details the successful transmission of a stand-

ard 525 line daylight TV analog video signal to a ground station over a
plastic-clad silica step-index optical fiber deployed from an attack RPV in
early 1976. This was followed by a series of six missile flight tests
utilizing the Ballistic Aerial Target Systems (BATS) between April and July
1977 which demonstrated the feasibility of transmitting unidirectional analog
video signals over a fiber optic payout system at missile velocities and under

missile operating conditions.

The High-Strength Payout Assembly developed by Hughes Aircraft and
the full duplex data link designed by ITT/EOPD was funded by CORADCOH at
the suggestion of rw,.ADCOM. This work led to a FOG-D prototype link used
In laboratory tests and simulation for the flight demonstration of a full-

duplex data link, demonstrated in 1981.

Current plans for a ruggedized version of FOG-D, an Integrated Fiber
Optic Communication Link (IFOCL), a FOG-H missile payout system, and an
enhanced fiber optic guidance system have been summarized byMr. H. Wichansky.2

The recommendations and actions taken at this meeting relating to this study

are:

a) Redirect the IFOCL program to address the FOG-H requirements.

(See Table I.)
b) Expansion of the downlink capability to permit 6 additional

C telemetry channels through the use of electronically multi-
plexed frequency-shift keyed modulation of telemetry data.

c) Expansion of the video bandwidth from 5 to 10 MHz.

The data-rate requirements calculated in this study for television signals
using pulse frequency modulation to achieve the 30 dB transmission signal-to-
noise ratio (SNR), as specified in Table I for the IFOCL and FOG-H systems,

are In the same range as the data rates required by typical infrared seeker
signals after the thermal background level has been removed.3

C7



TABLE L

CURRENT FIBER OPTIC
COMMUNICATION LINK SPECIFTCATIONS

PRESENT GOALS (FOCL) REVISED (FOG-M)

VIDEO BANDWIDTH MHZ 10 MHz

SNR 30 dB 30 OB

VIDEO FORMAT 525 LINES SAME OR
875 LINES
ADJUSTABLE

TELEMETRY 11 CHANNELS/60 HZ SAME
+ 6 CHANNELS FSK

(DATA RATE 100 Kb/s)

COMMAND 9 CHANNELS/60 HZ SAME

PAYOUT VELOCITY 600 FT/S SAME

MISSILE DIAMETER 6" SAME

POWER 28 VDC ±5V
±15V

SOURCE: H. WICHANSKY
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1.1 FIBER OPTIC GUIDED MISSILE COMMUNICATION SYSTEM DESCRIPTION

A general description of the fiber optic communication link, summar-

ized from the information presented in a detailed paper,4 will be used to

provide a basis for the analyses presented in this report. Figure I illus-

trates the nature of signals in the bidirectional fiber optic link used in

the guidance system. Information signals acquired by the missile sensors

and seeker modulate the transmitter optical source after signal conditioning

and encoding. The modulated sensor and video signals are transmitted from

the airborne unit through a bidirectiona? coupler to the ground unit, where

they are demodulated by the receiver, processed, and optically separated

(demultplexed) after passing through the ground station bidirectional

coupler. Command signals, originating in the ground station, are electron-

ically multiplexed and modulated optically in the transmitter for transmission

through the bidirectional coupler and the optical fiber link to the missile.

The current systems (IFOCL and FOG-M) under development employ a laser diode

operating at 0.85 im in the airborne unit transmitter and a 1.06 im LED in

the ground unit transmitter to achieve separation of the optical signals in

the bidirectional link. These command signals are received and demultiplexed

in the missile after transmission through the bidirectional coupler in the

missile.

The video signals in the IFOCL and FOG-M systems use a conventional

television camera with a 5 MHz bandwidth and 525 lines/frame for the IFOCL

and 10 MHz with an adjustable number of lines/frame between 525 and 875 for

FOG-M. Command and telemetry signals are either slowly varying analog or

low data-rate digital data, as listed in Table I. Therefore, the bandwidth

and data-rate requirements of the fiber optic link are determined primarily

by the video signal. The sensor signals are multiplexed with the video

signal, adding an Insignificant bandwidth requirement to the link. Therefore,

for the purpose of this analysis, only the video signal will be considered

In determining the link data rate requirement.

r 3
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2.0 IMAGE QUALITY DEPENDENCE ON FIBER OPTIC LINK DATA RATE, NOISE, AND

OPTICAL SIGNAL MODULATION

Fidelity assessment in visual communications may be evaluated either

by subjective testing or through the use of a distortion function.5 A

thorough study has been performed of the effects of video bandwidth, sensor

resolution, sensor field of view, sensor video truncation, video frame rate,

sensor control mode, and electronic zoom on Remotely Piloted Vehicles (RPV)

operator tasks.6 The RPV operator tasks which are significantly affected by

these system parameters include: target search and detection, target recog-

nition, sensor slew control, target designation and tracking, artillery burst

detection and designation, and battle-damage assessment. Although the pri-

mary objective of this study was to determine the effects of bandwidth

compression on operator performance of these tasks, the recommended RPV system

design parameters summarized in Table ii are useful as a subjective measure

of image quality requirements.

In large part, these recommended parameter values are in agreement

with current RPV system design, with the exception of the 0.075 frame/sec

rate during target search and detection, compared with the 0.12 frame/sec

current design value, used at the highest antijam level.

It is also recommended in this study that video truncation to achieve

bandwidth compression could be used during target recognition, target desig-

nation, artillery burst designation, target tracking, and damage assessment

operations. A video truncation of 8:1 is recommended when fields of view

greater than 1.8 degrees are used. Note also that video zoom levels need

to be determined for target and artillery burst designation, target tracking,

and damage assessment.

The increased bandwidth capability of a fiber optic link may be

employed to transmit more information to the ground unit, thus simplifying

the electronics in the airborne unit. However, the distortion resulting

from noise and bandwidth limitation due to the data rate capability of the

fiber optic link must be determined before an evaluation of operator perform-

ance can be assessed. This requires the use of a distortion function, as

described in Section 2.1.

(5
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2.1 DISTORTION OF VIDEO SIGNAL BY NOISE AND DATA-RATE LIMITATIONS

A measure of the distortion of the image received at the ground

unit display due to fiber optic transmission system impairments such as

data-rate limitations, noise, filter bandwidth restrictions, etc., may be

obtained by using the rate-distortion function originally conceived by

Shannon. 7 The rate distortion function of a signal source determines the

minimum channel capacity required to transmit the source output as a func-

tion of the desired minimum average distortion, where the distortion func-

tion (sometimes called the fidelity criterion) is a measure of agreement

between source and system output specified by the user. Shannon calculated

the rate-distortion function for certain sources including, in particular,8
a Gaussian time-independent sample source. This result was extended to

continuous-time stationary processes by others.9'10 These results have

been applied to the transmission of images.1 13

The application of the rate-distortion function for the transmission

of images may be formulated with the aid of Figure 2 which is a highly sim-

plified communication system block diagram.

SOURCE SOURCE
SOURCE X ENCODER! DECODER/

MODULATOR D EMODULATOR

FIG. 2. RATE-DISTORTION MODEL

In the application of a fiber optic communication link to transmit images,

the source Is a seeker, either television video or an infrared imaging system.

The source encoder consists of a signal processor (to remove redundancy) and

a modulator which adds redundancy to improve the signal-to-noise ratio (SNR).

The fiber optic link channel includes an optical source, bidirectional

couplers,and the detector. The source decoder consists of a signal processor

to restore the signal and a demodulator to recover the baseband signal.

7
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The problem addressed by rate-distortion theory is the minimi-

zation of channel-capacity requirement qhile holding the average

distortion at or below an acceptable level. To be specific, let the

average information transmitted from the image source to the output

in Figure 2 be denoted by the function I(X,Y) , defined as a measure

of the amount of transmitted information. Also, let the average in-

formation transmitted from the encoder modulator to the channel output

be denoted by I(U,V) . The channel capacity, C , is defined as the

maximum of I(U,V) over all possible image sources.

The large amount of available bandwidth in a fiber optic com-

munciation system may be traded for improved SNR. Thus, the amount of

redundancy removed by the encoding process in a fiber optic communica-

tion system is less than the redundancy added by the modulator to

improve the SNR, and I(U,V) > I(X,Y) .

Since the channel ca)acity must be larger than the information

transmitted over all possible image sources, C > I(U,V) . It has been

established that it is always possible for I(X,Y) to be arbitrarily

close to C for an arbitrary source and channel structure.12 The

rate-distortion function R(D) is the minimum value of I(X,Y) for

a given distortion level D, and it has also been established that

R(D) < C insures the possibility of obtaining distortion D

Image distortion is caused by the fiber optic link in two ways:

1) a degradation of the SNR due to the noise introduced primarily by

the optical source, detector, and receiver amplifier, and 2) distortion

due to the data rate limitations of the optical fiber used in the link.

Both of these causes of image distortion will be examined in detail.

8



2.2 TRANSMISSION OF TELEVISION SIGNALS IN BANDWIDTH-LIMITED Ci. '4EL WITH

RANDOM NOISE

Results of subjective tests have led to direct evaluations of dis-

tortion caused by transmitting a television signal in bandwidth-limited14
noisy channels. Although the fiber optic link has a wide bandwidth, there

is a relationship between channel capacity C and SNR. For a channel in

which the noise is Gaussian, this relationship has been shown to be:
7

C = B log2(1 + )bits/sec

where B is the channel bandwidth, S the signal power, and N is the total

noise within the channel bandwidth 8 (N=nB for a Gaussian channel, where n

is the noise power spectral density).

The power spectrum of a television signal is Illustrated in Fig. 3,

along with typical noise characteristics., 16 Typically, the peak-to-peak

signal to rms noise ratio from a good quality 625-line flying-spot scanner

is of the order of 40 dB, with the source noise is, to all Intents, Gaussian.5

The noise power may be independent of the signal amplitude, as in

the vidicon camera, or it may increase with signal amplitude, as in the fly-

ing-spot scanner.5 Noise added by an analog transmission channel will

generally also be Gaussian, staying flat or rising with frequency, depending

upon the modulation employed.

The Shannon-Hartley theorem of Eq.(l) indicates that a noiseless

Gaussian channel (SNR - -) has an infinite capacity. However, the channel

capacity does not become infinite as the bandwidth becomes infinite because

with an increase in bandwidth, the noise power also Increases. Thus, for a

fixed signal power and in the presence of Gaussian noise, the channel capac-

ity approaches an upper limit with increasing capacity, given by

lim C = 1.44--- (2)

B-.

known as the Shannon limit.

The Shannon-Hartley theorem Indicates that for a particular modula-

tion technique providing a capacity C, the bandwidth may be traded for SNR.

uii - I I I.ii



Or, alternatively, the capacity-increasing modulation technique may be

used to increase the SNR for a fixed signal bandwidth. Examples of

this principle are frequency modulation (FM) for analog signal and pulse

code modulation (PCM) for digital signal transmission. The SNR of an FM

system is increased by applying a large modulation index. Similarly,

the probability of error, Pe in a PCM system is decreased by using a

larger number of bits/sample to transmit the signal, thus increasing the

amount of Information in the channel, I(U,V) through the use of redundancy.

Channel bandwidth also affects television signal quality by pro-

ducing a linear distortion which may be measured by a pulse and "bar"

response.5 The pulse has a sine-squared shape of I/B width, where

B is the channel bandwidth. The "bar" is a rectangular pulse some 25 &zS

in duration. The quality of the channel's response to rapid changes is

tested by the pulse, while the flat top of the bar tests indicates how

well the channel can keep to a constant value over a scanning line. The

pulse and bar responses are checked against tolerance windows to establish

the distortion of a television facility. The distortion level is measured

for an average of transmitted television signals weighted for their devia-

tion from the input. The measured weights are meant to be Inverses of the

relative visibilities of errors in reproduction and the distortion function

is then equated to the most visible error.

-0



TELEVISION SIGNAL BANDWIDTH AND NOISE CHARACTERISTICS
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Ia

Frequency in MHz
FIG.3a. POWER SPECTRUM OF VIDEO SIGNAL

Noise Frequency MHz

FIG.3b. NOISE WEIGHTING CHARACTERISTICS IN 625-LINE TELEVISION SYSTEM
(a) Measurements by Muller and DemusCSOURCE: Referencip 15 (b) Standard CMTT Curve



2.3 DATA RATE REQUIRED TO TRANSMIT A TELEVISION IMAGE OVER A FIBER
OPTIC LINK USING PULSE FREQUENCY MODULATION

Pulse frequency modulation (PFM) appears to be the most appropriate

form of modulation for the transmission of television signals in a fiber

optic link since it is particularly immune to the nonlinear distortion
18caused by optical source nonlinearities. The PFM system shown in Fig-

ure 4 has been employed by the Naval Ocean Systems Center to transmit a

composite television/data signal over an undersea fiber optic link. 19 The

link exhibits a loss margin of nearly 60 dB for transmission of a 4.5 MHz

bandwidth television signal, thus providing an unrepeated link span of

15 km with currently available optical fibers operating at a 0.85 Jm wave-

length. This link length does not include the effects of excess fiber loss

due to the microbending losses caused by winding the fiber on a bobbin for

high-speed payout.
20

As in an FM communication system, 17 PFM may be used to increase the

SNR at the expense of required channel bandwidth. This PFM "processing

(S/N)0
gain," G2 - -U-R7 -has been calculated to be:19

1.15AF(1 +AF2 /f 2 )B
G f f/Z 83/ ' (3)

c B

where

(C/N). - input pulse train power to noise power ratio in channel

bandwidth,

(S/N)0 - output signal power to noise power in baseband,

AF - maximum pulse train frequency deviation,

fc center frequency of pulse train,

B - fiber optic channel bandwidth,

BB  baseband signal bandwidth assuming uniform signal and
r noise frequency spectral distributions.

The processing gain obtained by increasing AF relative to 8B in

Eq.(3) may be understood by observing that the baseband signal is re-

covered by using a low-pass filter of bandwidth B following the discrim-
inator (FM demodulator). Since the discriminator correlates the higher

order FM signal components in the pulse train frequency range (vicinity

12

______________________________________wood
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A NOUTPUT

FIG. 4. PULSE FREQUENCY MODULATION SYSTEM

of f ), the entire signal energy in this range is recovered. The random
noise introduced at the imaging source, in the fiber optic link, and the
receiver amplifier are attenuated out of the 8 B band by the low-pass filter
following the discriminator, resulting In the processing gain given by
Eq.(3). The amount of processing gain is given in Table III for several

FAFE

values of _

TABLE III

PROCESSING GAIN VS.

,&F

20 log G

1 2.18
2 8.98
3 15.15
4 18.71

5 21.52

The maximum ratio of which can be used to achieve processing gain

B

13
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depends on the bandwidth available in the fiber optic link and the

threshold level required for the pulse-train power relative to thenoise

power at the output of the discriminator. This threshold level is

analogous to the discriminator threshold of carrier to noise power inan

FM system, below which noise "spikes" occur.2 1 This FM threshold effect

for values of AF/BB - 0, 3, 12, are illustrated in Figure 5. Note that

the threshold increases with the ratio AF/B8 and may be reduced by using

a phase-locked loop (PLL) type of FM demodulator, which reduces the

noise bandwidth.

So dB

N --

01

FIGURE 5.
THRESHOLD CHARACTERISTICS

OF DISCRIMINATOR/PHASE-LOCKED LOOP
FM DEMODULATORS

SOURCE: Taub and Schilling

The data rate required to transmit a television signal with a

30 dB SNR on a fiber optic link using PFM may be calculated by recog-

nizing that there are three components in the out SNR,(S/N)o, term:

1. The Input pulse train carrier power, (C/N), required to

achieve the FM threshold of Figure 5.

2. The PFM processing gain given in Table Il1.

3. Pre-emphasis/de-emphasis filter gain.

14



A pre-emphasis/de-emphasis set of filters are generally employed in an

FM system to overcome the parabolic increase with frequency of noise

by an FM modulator. 17 The pre-emphasis filter increases the high-

frequency content of signal level before modulation, and the de-emphasis

filter reduces it accordingly to produce a SNR gain of about 6 dB.

As may be observed from Figure 5, the (C/N)i threshold required

for a frequency deviation,A F, of about 2BB is approximately 15 dBusing

a phase-locked loop (PLL) demodulator. Therefore, the required 30 dBSNR

may be achieved according to the following contributions:

(C/N)i Threshold 15 dB

PFM Processing Gain (&F = 2 BB) 9 dB

Pre-Emphasis/De-Emphasis Filter Gain 6 dB

REQUIRED (S/N)0  30 dB

The optical fiber bandwidth required to sustain a pulse train fre-

quency deviation AF=2 BB may be estimated from Carson's rule for an FM4
.17

system:

B-2(8 B +AF) = 6 BB  (4)

However, in a PFM system, the data rate required to transmit pulses at

this frequency depends upon the pulse response of the optical fiber. In

an optical fiber of bandwidth B, the output pulse displays a temporal

variation which may be approximated by a Gaussian response with a pulse

width at the 1/e points defined as e

Te = 2 -2 a , (5)

where a is the rms Gaussian pulse width.22 The 3 dB electrical bandwidth

may be expressed in terms of Te as:

f(3 dB elec.) x 0.375 Hz , (6)Te

which will be used as the definition of channel bandwidth B.

15
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The data rate required to transmit pulses at the frequency speci-

fied by Carson's rule in Eq.(4) depends upon the allowable detector

threshold penalty due to intersymbol interference caused by the overlap

of the Gaussian pulse "tail" with the succeeding pulse.22 This inter-

symbol interference (ISI) penalty will increase the power required by the

transmitter for a particular fiber length. A plot of 151 power penalty

in dB as a function of the ratio of Te to the bit-rate Interval T Is

given in Figure 6. It demonstrates that the ISI power penalty Is rela-

tively small until the ratio T e/T exceeds 0.5. The data rate is equal to

1IT.

Therefore, the relationship between data rate and bandwidth for an

optical fiber may be obtained by selecting an allowable ISI penalty and

then calculating the value of l/T which will limit this IS1 penalty for a

particular value of Te, which is then related to bandwidth B through

Equation (6):

= 2.67B( -S Bits (7)

where ( i is the power penalty resulting from the ratio of e

given in Figure 6. Therefore, if 7- 4 0.5, for AF - 2B., using Carson's

rule in Eq.(4), the required data rate is 8.01 BB bits/sec. Note that as

Te increases due to fiber dispersion, as described In Section 3, the re-

quired data rate increases for an acceptable ISI power penalty.

16 .
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3.0 DATA RATE AND LENGTH LIMITATIONS IMPOSED ON FIBER OPTIC LINK

BY OPTICAL FIBER DISPERSION AND ATTENUATION CHARACTERISTICS

The dispersion and loss characteristics of optic fibers determine

the data rate and range limitations of the fiber optic link. These

characteristics are reviewed in this section.

3.1 FIBER DISPERSION IN MULTIMODE AND SINGLE-MODE OPTICAL FIBERS

The relationship between data rate, signal bandwidth, and ISI power

penalty, developed in Section 2.3 for a PFM system applies generally in a

fiber optic link, through Eq.(7), for any modulation employed in the link.

The increase in required data rate due to optical fiber dispersion is re-

flected in the factor ( IeS/T)iI V For a particular value of re , the allow-

able ISI power penalty determines the required data rate. The value of re

is increased through optical fiber dispersion according to the relation-

ship:
22

- (0.408T)2 + (4MAXL)2 + (*Lb)2 (8)

e

where

4M material dispersion factor,

AX - maximum spectral width due to source and signal modulation
bandwidth,

L - optical fiber length,

* - modal dispersion factor,

1 ;0 b ; 1 , depending on mode coupling effects.

The first termof Eq.(8) originates from the relationship between

the rms Gaussian pulse width,a, given by Eq.(5) in terms of re,and the

transmission of a rectangular pulse of width T/2. The received rms pulse

width, a, is defined as

2 - t2h(t)dt - [f th (t)dt] 2  (9)

where f h(t)dt - 1 defines the pulse shape. Using this relationship,

the T/2 rectangular.pulse corresponds to an rms pulsewidth of T/AW and

T - 2,1-2 - 0.408T, the first term of Eq. (8).

The second term of Eq.(8), describing the effects of material

18



dispersion on pulse width, is caused by chromatic effects, i.e., the com-

bined effects of material and waveguide dispersion. The cause of chromatic

dispersion is the wavelength dependence of the mode group velocity, v ,9

due to the dependence of the index of refraction, n , on wavelength X. The

pulse spreading At over a fiber of length L is

at I X2 Ax d2n (10)

23
where c is the speed of light.

The second derivative of the refractive index n with respect to

24

pure silica a "zero material dispersion" (ZMD) point occurs at A - 1.27 Mm.

Adding various dopants to the silica glass can shift the ZMD point some-

where within the 1.2-1.4 um range, thereby allowing a very small increase

In re' particularly in single-mode fibers, as illustrated in Figure 7 foran

11 kilometer single-mode fiber.

In multimode fibers, dispersion is dominated by the difference in

group velocity between various propagating modes and the wavelength depend-

ence of the group delay for each mode, as expressed by Eq.(l0). A simple

ray analysis demonstrates a time difference At between the fastest (low

angle of propagation) and the slowest (maximum angle of propagation) in a

fiber of length L

-m(NA) /2nc C (11)

where NA - sinermax , fiber numerical aperture,

nc - fiber core index of refraction

For fibers where mode mixing is substantial (graded-index fibers and mode

mixing due to microbending effects), it is found that the pulse spreading

dependence is closer to r: rather than L, giving rise to the factor b

in Eq.(8), where 1 ) b ; , as demonstrated in Figure 8 for the Bell FT3

Lightwave System.
25

The dispersion due to multimode effects may be minimized at a

particular wavelength by optimizing the grading profile a in the fiber

c 19
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26
core refractive index profile, described as a function of radius r :

n(r) = n1
2 [1 - 2A()(r/a)'] , (12)

where

nI 1 maximum refractive index at the center of the core

A(X) =[n1
2 - n2(a)]/2n12

a = core radius

26
The optimum value of a is given by:

a0pt(X) = 2[1 - 6 P()A] (13)

where

P -nl A dA

N1  = n1 - Xdn1 /dI

Note that the optimum value of a -is a function of wavelength X . There-

fore, the bandwidth may be maximized at a particular value of X , as

demonstrated in Figure 9. Note that a large bandwidth may be achieved

over a broader range of wavelengths (at a slight decrease in the maxi-

mum) by converting two fibers with different optimum values of a (1.8 and

2.014). This principle has been studied rocently to enhance fiber band-

width by connecting fibers of different ¢ilues of a(opt.) to maximize

overall bandwidth.2
7,28

3.2 FIBER LOSSES IN MULTIMODE AND SINGLE-MODE OPTICAL FIBERS

intrinsic optical fiber loss mechanisms, illustrated in Figure] 0,

are caused by Rayleigh scattering loss, hydroxyl ion loss, and absorp-

tion at the ultraviolet and infrared wavelengths.29 In addition to

these losses, the missile fiber optic link sustains spooling losses,

demonstrated by the measurements shown in Figures 11 and 12 for typical

optical fibers tested for this purpose.30 The primary source of intrinsic

loss is Rayleigh scattering, which decreases with wavelength at a rate

proportional to A", making operation of the fiber optic link at the

longer wavelengths shown in Figure 10 very attractive. A more detailed

description of the spooling losses and how they relate to fiber bandwidth

will be developed in Section 4 of this report.
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3.3 OPTICAL RECEIVER CHARACTERISTICS AT 0.85 um AND 1.3 pm

As may be observed from the intrinsic losses displayed in Figure 10,

fiber optic link operation at longer wavelengths decreases these losses.

Detectors for operation in the 1.0-1.6 uM region have recently been re-

viewed.31 Figure 13 depicts both theoretical curves and measured data

for both avalanche photodetector (APD) and P.IN-FET detector receivers operat-

ing i-n this range at data rates between 1-1000 Mbits/sec. It may be observed

from this figure that a silicon APD is the most sensitive receiver over

this range of data rates (curve a). However, the responsivity of silicon

falls rapidly at wavelengths above 1.1 pm, where the optical fiber loss

is lowest. Although Ill-V alloys (curve b) and germanium (curve c) APO

receivers display good sensitivities at these longer wavelengths, they

have high noise characteristics due to a high ratio of the ionization rates

of electrons and holes. Several experimental points for PIN-FET receivers

fabricated using III-V alloys are displayed, indicating the sensitivities

of these receivers are almost as high as for the longer-wavelength APO re-

ceivers. The only caution in using these receivers below 45 Mb/s is the

1/f noise commonly found in GaAs FETs. However, the data rates required

in the fiber optic link missile guidance system are above this level, mak-

ing their use satisfactory.

3.4 DATA RATE-LENGTH PRODUCTS FOR MILTIMODE AND SINGLE-MODE
FIBER OPTIC LINKS

An estimate of the data rate-length products for both multimode and

single-mode fiber optic linksmay be made by combining the dispersion and

loss characteristics of these fibers described in Sections 3.2 and 3.3

with the receiver sensitivities of Figure 13 for a silicon APO, assuming

the link operates at a wavelength of 0.85 PM using a GaAtAs laser as the

airborne unit source (as in the IFOCL and FOG-M programs).

An estimate of the total power available in the link for a power PL

launched by the laser into the fiber may be obtained by approximating

Curve a in Figure 13 by the function

F(T) = 72 - 4.35 zn (T"1 ) + PL dBm (where T I is the data rate).

. (14)
The available power is used to provide fiber and coupling loss and the ISI
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penalty. It may also be used to include a power margin., M, to account

for additional losses due to temperature effects, receiver equalization,
22

bias and dynamic range requirements, etc.

In designing the link, the objective is to maximize the amount of

information transmitted over the link for a specific link length. This

corresponds to maximizing the product of data rate, T "1 , and the link

length, L , namely, the factor L/T.

In the multimode fiber, mode dispersion dominates the total disper-

sion, and b takes the value 1/2, assuming the fiber is well mode mixed

due to the index grading and microbending effects. For the single-mode

fiber, * - 0 and no fiber bandwidth limit exists for data rates in the

range-of interest (1-1000 Mb/s). These two cases have been plotted for

several cases:

1. Material dispersion is characterized by *AX = 3 x 10"10 sec/km.

2. Modal dispqrsion is characterized by two cases: = lo'sec/kml

and * = 3 x 10-9 sec/kmi.

3. Total lossjkm = 4.5 dB/km.

4. Link margin M = 5 dB.

These cases have been plotted in Figure 14, showing L/T vs. li/T for data

rates between 10 and 1000 MB/sec assuming P L - 0 dBm, a typical power

launched into the fiber by a laser. Note the onset of bandwidth limitation

due to modal dispersion Is clearly visiable. For the case 4 - 3 x 10-9

sec/km , a maximum transmission capacity is visible, the exact position of

the maximum depending upon the relative Interplay between fiber loss and

dispersion. The fiber used in the link should be selected to obtain this

maximum data rate-length capability.

29
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3.5 OPTICAL SOURCE POWER REQUIREMENTS AT 0.85 m AND 1.3 Pm FOR

IFOCL AND FOG-M SYSTEMS

As calculated in Section 2.3, the data rate required to transmit

a television image over a fiber optic link with a SNR of 30 dB using PFM

and a negligible ISI loss penalty is approximately 8 times the television

signal bandwidth. Since the IFOCL and FOG-M systems employ a 5 MHz and a

10 MHz bandwidth television signal, respectively, the required data rates

are 40 and 80 MB/s.

in multimode fiber, where modal dispersion dominates, the effect

of increasing optical source wavelength is primarily that of reducing

Rayleigh scattering loss in the fiber, thus increasing link range when

using a 1.3 Wim laser. At shorter ranges, this reduced scattering loss at

1.3 uM could be used to replace the laser with an LED, thereby reducing

the transmitter cost and increasing the reliability by eliminating the

large temperature threshold dependence of long wavelength lasers. 32

In order to calculate the fiber optic link source power require-

ments for the IFOCL and FOG-M systems, it is first necessary to determine

the receiver noise equivalent power (NEP) at 0.85 pm and 1.3 pm for data

rates of 40 MB/s and 80 MB/s. The NEP of a receiver is the rms value of

optical power which Is required to produce unity rms SNR.33 The receiver

sensitivities presented in Figure 13 assume a pulse bit error rate (BER)

of 10 9 requiring an electrical peak pulse-to-noise ratio of 21.5 dB. 17

Assuming a square-law optical detector, this converts to 12.75 dB for an

rms pulse-to-noise ratio. The receiver NEP in Table IV has been calcu-

lated from the curve In Figure 13 for the Si APD receiver (at 0.85 lIm)

and the experimental points for the PIN-FET (at 1.3 M) at 40 and 80 MB/s,

respectively.

The (C/N)I to achieve the electrical FM threshold of 15 dB shown

In Figure 5 is also divided in half to obtain the threshold required at

the receiver input. The required fiber output power is the difference

between the receiver NEP and the optical (C/N)i threshold for each re-

ceiver type and data rate.

31
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TABLE IV

FIBER OPTIC LINK SOURCE POWER REQUIREMENTS

BIT RATE (MB/s)

40 (IFOCL) 80 (FOG-M)

OPERATING WAVELENGTH (wm) 0.85 1.3 0.85 1.3

RECEIVER NEP (dBm) -70.0 -60.0 -67.0 -57.0

(at BER=10- 9,(C/N)i = 12.75 dBm)

(C/N)i FM THRESHOLD (dB) 7.5 7.5 7.5 7.5

(referred to optical power at receiver input)

REQUIRED FIBER OUTPUT POWER (dBm) -62.5 -52.5 -59.5 -49.5

FIBER LOSSES (10 km)

Rayleigh Scattering (dB) 38.0 11.0 38.0 11.0

Microbending Loss (dB) 15.0 15.0 15.0 15.0

ISI Penalty (dB) 0.1 0.1 0.5 0.5

TOTAL (dB) 53.1 26.1 53.5 26.5

COUPLER LOSSES (dB) 4.0 4.0 4.0 4.0

SPLICE AND CONNECTOR LOSSES (dB) 3.0 3.0 3.0 3.0

TOTAL LINK LOSSES 60.1 33.1 60.5 33.5

OPERATING MARGIN(Temp.,Bias,etc.)(dB) 5.0 5.0 5.0 5.0
TOTAL LINK LOSSES (dB) 65.1 38.1 65.5 38.5

MINIMUM OPTICAL SOURCE POWER 2.6 -14.4 6.0 -11.0
COUPLED INTO THE FIBER (dBm)

C 32
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intrinsic fiber losses at 0.85 WM and 1.3 Wm, based upon measure-

ments made by ITT/EOPD,34 are listed in Table V. The total losses for a

10 kilometer length of fiber operating at 0.85 Pm and 1.3 WM are the

same for both the IFOCL and FOG-M systems in Table IV, since this loss is

independent of data rate.

Microbending loss measured for 37 uM -core optical fiber of the

type which might be used in these demonstrations is given in Figure 11.

It was shown in Reference 30 that the microbending loss for this fiber

type is independent of wavelength and data rate. It is anticipated that

a lower microbending-loss fiber will be developed for the IFOCL and FOG-M

programs. Therefore, a microbending loss of 1.5 dB/km has been assumed

for all the cases considered in Table IV.

The ISI penalty increases with data rate (I/T) for a particular

value of Te, as displayed in Figure 6. The value of Te increases with

fiber material and modal dispersion according to'Eq.(8). Therefore, it

Is assumed that an optical fiber is used which will keep the ratio ( e/T)

4 0.5 at a data rate of 40 Mb/s, resulting in an ISI loss penalty of

0.1 dB at a data rate of 40 Mb/s.

TABLE V

35-pm MISSILE FIBER RAYLEIGH SCATTERING LOSS

FIBER 811027-13C

3580 METERS

WAVELENGTH (m) LOSS (dB/km)

0.85 3.83

1.05 2.07

1.30 1.13

1.54 1.07

Source: ITT/EOPD (Ref.34)
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Bidirectional coupler loss has been measured at 2 dB, 34 resulting

in a total of 4 dB for the two couplers in Figure 1. Splice and connector

losses for the 35 Jm fiber have been measured at a total of 3 dB for the

link. 34 All these losses are practically independent of wavelength and

data rate.

Adding a 5 dB operating margin for the effects of temperature,

bias, dynamic range, etc., the total link losses for each case are

tabulated in Table IV. Taking the difference between these losses and

the required fiber output power yields the minimum optical source power

for each case, listed at the bottom of Table IV. Not2 that the minimum

optical power required to be coupled into the fiber is 17 dB larger for the

system operating at 0.85 urm than for the 1.3 um system. The power levels

needed at the 0.85 um wavelength require a laser, while the coupled source

power required for the link operating at 1.3 PM could be supplied by an edge-

emitting LED.3 5 Longer ranges than 10 kilometers would be achieved using

a laser operating at 1.3 um.

3.6 TEMPERATURE, COUPLING, AND FREQUENCY RESPONSE CHARACTERISTICS
OF OPTICAL SOURCES

The temperature sensitivity of a laser may be determined by exam-

ining the threshold current, Ith , required for the onset of lasing.3 5 A

calculated curve and measured values for the threshold variation with

temperature of a laser operating at 1.25 prm are displayed in Fig-

ure 15. Note that the increase in threshold current varies exponentially

with temperature. Therefore an expression which is used to predict the

lOOP Irm"I.

Ai,0~ev

0op -O

FIG. 15. TEMPERATURE DEPENDENCE OF PULSED THRESHOLD CURRENT
FOR AN InGaAsP LASER DIODE

Source: Reference 32 3

* 34



increase in Ith with temperature is:
32

AT (15)1th exp. (

T 0

where

T= change in junction temperature (0C)

To = threshold temperature (0c)

Values of T for AXGaAs and InGaAsP laser diodes operating at the 0.850m0

and 1.3Mm wavelengths are given in Table VI along with the spectral shifts

due to changes in operating temperature.

TABLE VI

LASER TEMPERATURE CHARACTERISTICS

Spectral Shift With Possible Wave-
Operating Temperature length Range

T0(*)(OC) A/AT (R/OC) A (uM)

AxGaAs 140 - 190 2 - 3 0.7 - 0.9

1aGaAsP 40 - 75 4 -5 1.0 - 1.7

Note that the temperature sensitivity of InGaAsP lasers are 2-3 greater

than for ALGaAs lasers. Although thermoelectric cooling is used to reduce

this temperature sensitivity, they introduce a source of possible failure

and turn-on time delay.

The temperature characteristics of a long wavelength LED which

might be used in a link of length less than 10 kilometers are shown in

Figure 16a, with the output power and power coupled into a 55 pm-core

graded index fiber having a numerical aperture (NA) of 0.25, given in

Figure 16b. Observe that the linear region of the coupled power extends

to over 100 WW, suitable for the 1.3 0M IFOCL and FOG-M systems. However,

the 35 urn-core fiber used in these systems would not couple enough power

35
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from a surface-emitting LED, arid therefore an edge-emitting LED or a laser

would be required to supply the power required for a 10 kilometer link.

Edge-emitting L.EDS are capable of coupling 5-6 times the power

into a low NA fiber as surface-emitting LEDs. 6 A comparison of optical

power coupled into optical fibers of different NAs from surface- and edge-

emitting LEDs are shown in Figure 17. Note that considerably more power is

coupled into optical fibers wich NAs less than 0.3 by edge-emitting LEDs

and that above this value, the surface-emitting diode couples power more

efficiently. This is due to the more focused beam of an edge-emitting LED.

Another advantage of edge-emitting LEDs is their improved fre-

quency response, as shown in Figure 18. This is because the frequency

response improvement of a surface-emitting LED requires heavy active layer

doping, thus reducing the output power while an edge-emitting LED)'s active

layer is virtually undoped. Lasers have frequency responses above 1 GHz.35
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4.0 SPOOLING LOSS IN THE FIBER OPTIC LINK

As discussed in Sections 3.3 and 3.5, microbending loss is a very

important consideration in determining the range of a fiber optic link

used for missile guidance. A careful analysis of the considerations in-

volved in the optimization of the optical fiber used as a data link

for missile guidance has been presented with experimental results describ-

ing the effects of fiber core diameter on spooling and coupling 
losses. 20

It was shown in this reference that both the source coupling efficiency

and the bidirectional coupler losses are essentially independent of core

diameter; therefore, the preferred design is driven by spooling loss.

Spooling loss in the fiber optic link is due to microbending

caused by the precision-winding on a tapered aluminum spool of multiple

layers of the fiber.20 Each layer forms a helix, with successive layers

of the fiber nesting in the grooves of the previous layer. These grooves

form a helix which propagates in the direction opposite to that of the

previous layer. Fiber crossovers are necessary in order to insure that

all layers propagate in the same direction in order to minimize the torque

on the fiber as it pays out. The number of crossovers is approximately

twice the number of layers. Each crossover produces a microbending effect

in the fiber, which causes the spooling loss.

4.1 MICROBENDING LOSSES IN MULTIMODE AND SINGLE-MODE OPTICAL FIBERS

A qualitative analysis of the microbending loss in graded-index

multimode optical fibers relating the random bends in the fiber to its

mechanical properties and coupling between the propagating and radiation

(loss) modes shows that this loss is proportional to the square of the

core diameter and inversely proportional to the sixth power of outer

fiber diameter and the cube of the index of refraction difference between

the core and cladding.3 7 Measurements of spooling loss presented in Ref-

erence 20 indicate that this loss is a quadratic function of corediameter,

as predicted in a more recent paper.3  In general, microbending loss in

multimode graded-index fiber is proportional to 1.a2 ) ,where P is a

measure of the curvature power spectrum (equal to 2 for large mode mixing

due to microbending effects).
39
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A reduction in the microbending loss of multimode fiber has been

predicted, 4 0 and observed, 4 1 through the use of a double-cladding (W-type)

structure. In this type of fiber an inner cladding refractive index,

lower than the outer cladding index, is used to improve the confinement

of propagating modes in order to minimize radiation loss due to micro-

bending effects. It has also been shown that the double cladding improves
40

the transmission bandwidth of the fiber. The same type of structurehas

recently been employed to reduce microbending loss in single-modefiber 2-
4 4

which exhibits very large microbending loss in the single-clad structure.
4 5

This depressed-index cladding single-mode optical fiber, developed for use
46

in the BELL System submarine cable, has tensile proof test strength of

greater than 200,000 psi. It, therefore, is an excellent candidate foruse

in the fiber optic guidance link when very high data-rates and over long

ranges are required.

The depressed-index cladding single-mode fiber typically has a

germania-silicate deposited core with a relative refractive index above

silica. Flourine is deposited within an inner cladding to depress its

refractive index below that of a pure silica outer cladding. Microbending

losses are low below a loss edge, determined by the wavelength at which

the mode effective index falls below the index of the substrate tube.
43

If the system operating wavelength is kept below this loss edge, control

is maintained by keeping the depressed-index cladding width large

compared with the core diameter (ratio > 7).44 Although the loss edge

wavelength decreases with microbending, the loss edge wavelengths can be

kept larger than 2.0 UM for these large ratios, thus controlling micro-

bending losses. Thus, the system may be operated at the zero-dispersion

wavelength of 1.3 M while minimizing microbending losses.

4.2 BANDWIDTH INCREASE IN MULTIMODE OPTICAL FIBERS RESULTING FROM MODE

COUPLING DUE TO MICROBENDING EFFECTS

Although microbending effects in multimode fiber introduce loss,

they concurrently increase the effective bandwidth of the fiber, which

could be used to increase the link capacity by increasing the SNR using

a modulation technique such as PFM, as discussed In Section 2.3. This

bandwidth increase with loss, such as that introduced by an increase in

f40



mode coupling due to microbending effects, may be observed by examining

the decrease in rms pulse width, a , as the loss is increased from 2dB/km

to 10 dB/km due to mode coupling, as may be seen in Figure 19. This ef-

fect has been shown to follow the relationship as a function of grading

index a , shown plotted in Figure 20:

R20 - 4.3Y L (16)C

where

R (coupl ed)R -

a (uncoupled)

= loss penalty due to mode coupling (dB)

y - intrinsic loss of fiber (dB)

L C coupling lengthc

Observe from Figure 20 that for a particular index grading profile

the R2 0 product is a constant. Therefore, since the fiber bandwidth is

inversely proportional to rms pulse width a, the ratio of bandwidth in-

crease resulting from mode coupling due to microbending effects may be

expressed as:

BI=
_' ;ro (17)

where
B - initial bandwidth before spooling

B1 - bandwidth after spooling

0 MY - Intrinsic loss (dB)

01 - loss penalty due to mode coupling caused by microbending (dB)

An experimental verification of this relationship is shown in Figure 21.

Note that the output pulse shown in Figure 21b from a 155 meter graded-

index ITT/EOPD multimode fiber is attenuated and spread compared to the

Input pulse of Figure 21a. When placed under pressure on a spool, the loss

increases 4.5 dB, but the rms pulse width has decreased by a factor of 2.12,

thus Increasing the fiber bandwidth by this amount, as demonstrated in Fig-

ure 21c. These measurements confirm the relationship between bandwidth

increase and spooling loss given in Eq.(17).
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INPUT PULSE

IOOPS/DIV, 50 MV/DIV

3 dB PULSE WIDTH = 160 PS

OUTPUT PULSE FROM 155 METER

G.I. FIBER

200 PS/DIV , 50 MV/DIV

3 dB PULSE WIDTH = 360 PS

RELATIVE AREA UNDER CURVE =

1.20 x 105 (MV)(PS)

OUTPUT PULSE FROM THE SAME FIBER

UNDER PRESSURE

200 PS/DIV, 20 MV/DIV

3 dB PULSE WIDTH = 220 PS/DIV

RELATIVE AREA UNDER CURVE =

4.2 x 104 (MV)(PS)

LOSS = 4.5 dB

B1 RoB 
= 2.12
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5.0 OPTICAL MULTIPLEXING FOR INCREASED FIBER OPTIC LINK

INFORMATION CAPACITY

Further information capacity increase may be achieved through the

use of optical multiplexing techniques. 35 For example, wavelength-

division multiplexing (WDM) may be used to add additional channels to the

bidirectional fiber optic link by providing an additional channel in each

direction. This would enable the transmission of both television and

I.R. image signals over the same fiber simultaneously without loss in

data rate of either signal. This would require, however, the use of a

separate optical source and receiver for each channel.

In WDM technology, optical multi/demultiplexers are used to separate

the wavelength of each channel. This may be achieved through the use of a

variety of optical techniques such as interference filters, diffraction

gratings, or prisms.35 Although interference filters are currently being

employed to achieve the wavelength selection, the highest wavelength reso-

lution is achievable with diffraction gratings. High resolution is required

to obtain the maximum number of channels with minimum interference.

Another consideration in the design of a WDM system is crosstalk

between channels. The isolation between bidirectional digital video chan-

nels is about 30 dB, while multiplexed channels transmitting information in

the same direction require twice this amount of isolation. This is due to

reflection and scattering from the connectors and fiber, causing inter-

ference at the receiver to be isolated from transmitters at the same side

of the link. A particularly effective WDM multi/demultiplexer which pro-

vides this level of isolation between channels uses both interference and

grating filters, is Illustrated in Figure 22. 48 Note the large separation

between channels transmitting light in opposite directions (1,2 and 3,4).

The optical sources used in a WDM must also have good wavelength stabi.lity.

As discussed in Section 3.5, long-wavelength lasers would have to be sta-

bilized with a thermoelectric cooler for this application.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The conclusions which may be drawn from this study are:

1. The currently graded index multimode optical fiber exhibits
excess data rate capability which may be used to increase the
SNR of video signals or to transmit coded I.R. seeker signals.

2. Although spooling loss is an important factor, the IFOCL and
FOG-M system ranges are limited primarily by Rayleigh scatter-
ing losses at 0.85 Wm. Increased range may be achieved by use
of 1.3 pm lasers, or edge-emitting LEDs could be used toachieve
10 km range with 35 m-core optical fiber at reduced cost and
increased reliability.

3. Currently available 1.3 Pm lasers are highly temperature sensi-
tive, and therefore require thermoelectric cooling and power
stabilization circuits.

4. Smaller core diameter optical fiber is required to further
reduce speling (microbending) loss to achieve an extended
system range.

5. Higher data rates are available with multimode optical fiber as
a result of the increased bandwidth due to mode coupling caused
by microbending effects.

6. High-strength single-mode optical fiber is becoming available
and may be used to further increase data rate.

7. Optical multiplexing techniques may be Used to further increase
optical fiber capacity.

The following recommendations are made for an enhanced optical fiber
guidance system communication link:

1. Reduce multimode optical fiber core size to decrease spooling
(microbending) loss.

2. Determine the minimum multimode fiber core size before light
deconfinement effects due to microbending (as calculated for
single-mode fibers) begin to increase losses.

3. Confirm single-mode and low-mode optical fiber microbending
loss effects by measurements.

4. Increase laser wavelength to 1.3 Pm to reduce Rayleigh
scattering loss.

5. Reduce temperature sensitivity of 1.3 Wm threshold by develop-
Ing improved materials and structures.
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6. Examine the possibility of using edge-emitting 1.3 gm LED
sources to reduce the temperature sensitivity and cost.

7. Examine the use of other modulation techniques, e.g., PCM.

8. Study the distortion effects on image quality as a function
of fiber optic system data rate for specific modulation
techniques.
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